Two-dimensional measurement of radiation produced by natural irradiation of granitic rocks was performed by the use of an imaging plate, which is a storage film coated with photostimulated phosphor (BaFBr:Eu 2+ ). Radiation images of small volume specimens, such as thin sections were obtained with the imaging plate. Irradiation images of granitic rocks are inhomogeneous and the intensity of photostimulated luminescence per unit area, which is principally converted into the integrated dose, increases with the increasing potassium content in the rocks. The results of the present study indicate that the disintegration of 40 K is the dominant radiation source of granitic rocks. The imaging plate is a new research tool for the evaluation of the natural radioactive properties of geological materials and is applicable as a semi-quantitative two-dimensional dosimeter for natural radioactivity.
its advantages include the ease of use, a high position resolution, a large detection area, a high detection sensitivity with high signal-to-noise ratio, extended time dose accumulation, dose linearity, an extremely wide dynamic range of dose, and an erasing capability for reuse (Kohda and Miyahara, 1992; Takebe et al., 1995a) .
The main radiation sources of environmental radioactivity are soil and rocks; therefore, the dose rate of natural background radiation is closely related to surface geology, particularly to the types of rock (Fujitani et al., 1981; Rannou et al., 1988) . TLD, scintillation cell and alpha track survey systems have been widely used to obtain environmental radioactivity. However, this measuring equipment requires long-term exposure and provides only an one-dimensional ambient dose rate. Twodimensional radiation measurement is necessary in order to determine a detailed functional relationship among environmental radioactivity, petrology and geological structure.
Recently radiation images of hokutolite, a strongly radioactive mineral were obtained with
INTRODUCTION
Conventional techniques for obtaining autoradiographs of radioactive elements, such as uranium and thorium-bearing geological materials, requires a film coated with nuclear emulsion (Bowie, 1954) . These methods have been used for determining the location of radioactive minerals within rocks and ores; however, nuclear emulsion techniques require the appropriate emulsion types in order to obtain an adequate autoradiograph of the selected radiation particles.
The imaging plate is a storage film coated with photostimulated phosphor (BaFBr:Eu 2+ ), which is sensitive to several kinds of radiation, and is currently and widely used in various fields (Takahashi, 1987; Amemiya et al., 1988; Mori, 1994) . The latent images produced by irradiation of the imaging plate are read by superficial scanning with stimulation light and are reconstructed as two-dimensional dot images on a computer display (Takebe et al., 1995b) . The imaging plate has excellent performance for radiation detection, and the imaging plate (Momoshima et al., 1995) . Hareyama et al. (1998) described in-situ measurement of natural radioactivity in and around mineral veins using the imaging plate, and the measurement of extremely low-level natural radioactivity of geological materials appeared to be possible considering the high detection sensitivity of the imaging plate.
In the present study, high-quality two-dimensional natural irradiation patterns of rocks are obtained with the imaging plate. In addition, the primary mechanisms responsible for natural radiation of granitic rocks are described.
PHOTOSTIMULATED LUMINESCENCE AND THE IMAGING PLATE
The luminescence phenomena of molecules and crystals, including geological materials, have been investigated extensively in various fields. Photostimulated luminescence (PSL) is a kind of photoluminescence phenomenon that occurs due to the release of trapped charge carriers into a band, an electron into the conduction band, or Iwabuchi et al., 1994). holes into the valence band. The photostimuable phosphors are characterized as exhibiting the longwavelength luminescence, as compared with incident light after the photoionization excitation. Eu-doped alkali halides have been introduced to such phosphors. In particular, barium fluorobromide doped with Eu 2+ (BaFBr:Eu 2+ ) has been investigated extensively as a phosphor which is capable to store X-ray information (von Seggern et al., 1988; Koschnick et al., 1991; Thomas et al., 1991) . Takahashi et al. (1984) and Iwabuchi et al. (1994) Kawano and Ueda, 1966) . 4-9 granodiorite, Kurihashi granodiorites, Kamaishi Mine (110-120 Ma, Kawano and Ueda, 1965a) . 10 granodiorite, Iidate, Abukuma Plateau (87-107 Ma, Kawano and Ueda, 1965b Suzuki et al., 1996) .
in the conduction band are captured by F + centers, whereas holes in the valence band are generally considered to be trapped by Eu 3+ ions. The visible light irradiation liberates the trapped electrons once more to the conduction band and then returns them to Eu 3+ ions converting to excited Eu 2+ ions. Thus, Eu 2+ luminescence is observed as a photostimulated luminescence. The energy level scheme of BaFBr:Eu 2+ used in the imaging plate and the PSL process are shown in Fig. 1 .
EXPERIMENTAL DETAILS
The granitic rocks distributed in the Abukuma Plateau and the South Kitakami Mountains in northeast Japan were examined in the present study. Other rock types examined include pyroclastics, volcanics and contact metamorphosed rocks. The whole-rock chemical composition determined by the XRF method is presented in Table 1 . Most samples were collected from a quarry and outcrops. The Kurihashi granodiorite (serial Nos. 4-9) was collected from the 250 m level drift of the Kamaishi Mine in the South Kitakami Mountains.
Polished slab samples of several thicknesses and uncovered thin sections with acrylic resin backing (100 µm in thickness) were laid on the imaging plate (BAS-SR Fujifilm Co., Ltd.).
Takebe and Abe (1994) described various techniques for performing particle identification using the imaging plate. These include the absorber method, the stack method, the fading method and the photo-bleaching method. The absorber method was applied in order to discriminate alpha particles from other forms of radiation because the alpha particle is one of the simplest types of radiation to be identified. Aluminum foil of 45 µm in thickness was placed on the surface of the imaging plate, and most of the alpha particles were shielded by the aluminum foil. Two sets of irradiation and observation, with and without the absorber, were performed, and radiation images including and excluding alpha-ray radiation were obtained.
The exposure duration in air at room temperature is 72 hours for a slab sample and is 240 hours for the thin section in a shield box made from radioactive-free iron . The latent images produced by irradiation of the imaging plate are read out by measuring the Eu 2+ luminescence at approximately 390 nm, which is stimulated by 633 nm light from a He-Ne laser scanner using the BAS-5000 imaging analyzer (Fujifilm Co., Ltd.). The images are reconstructed as a two-dimensional dot image. The specifications of the BAS-SR imaging plate and accompanying imaging system are as follows: detection area of 20 × 25 cm 2 , position resolution 25 µm, digital image level of 8 bits or 16 bits, and the dynamic range of dose 10 5 . The compositional mapping of the polished surface of the selected samples was determined with an X-ray analytical microscope (XGT-2000, Horiba Ltd.). The experimental conditions are as follows: the diameter of X-ray guide tube 100 µm, 512 × 512 pixels for a given area, acquiring time of 1200 sec per unit frame, and the integration of quantity by 200 times.
RESULTS
Figure 2(b) shows an example of natural radioactivity mapping of a granodiorite slab sample (serial No. 10) obtained with the imaging plate without an aluminum absorber. The distribution of radioactive sources within the rock is heterogeneous, and various spots of high PSL intensity are identified. Figure 2(c) shows the compositional mapping of potassium, in which the bright areas indicate relatively high content of the selected element. The bright areas in Fig. 2(c) coincide closely with alkali feldspar. The high PSL intensity areas, with the exception of the small spots with strong PSL intensity, correspond to the location of alkali feldspar grains. These distinctive PSL spots are caused by alpha emission, as described in the following paragraph.
Figure 3(a) shows an autoradiograph of the thin sections of the same granodiorite (serial No. 10) that was obtained without an aluminum absorber. The volume of the thin section of rock, which is a radioactive source, is remarkably small (3 cm × 
Fig. 3. Autoradiography of acrylic resin backing uncovered thin section of granite: a) distribution and intensity of photostimulated luminescence; b) compositional mapping of potassium and silicon detected by X-ray analytical microscope; c) optical microphotograph of selected region (crossed nicols).
2 cm × 100 µm t ). However, irradiation images could be detected using the imaging plate. Neither the thickness nor the small volume causes the volume effect of irradiation, and the irradiation images are clear compared to those obtained for the slab sample. Figure 3(b) shows the potassium distribution detected with the X-ray analytical microscope. The bright areas indicate alkali feldspar grains. The areas showing relatively strong PSL intensity correspond closely to the locations of alkali feldspar. A few distinctive PSL spots are identified, and Fig. 3(c) shows an optical microscope image that identifies hexagonal allanite which is located within the spot indicated by the arrow in Fig. 3(a) . This allanite contains Th, La, Ce and U, as determined by semi-quantitative analysis of EDX. Zircon is also observed in the sample, and these radioactive minerals are considered to be alpha-emitters in granitic rocks.
The imaging plate was effective to obtain images of the two-dimensional natural radioactivity of granitic rocks, despite the extremely small volume of the thin section. However, if the imaging plate is used as a radiation dosimeter, it is necessary to examine the volume effect of the rock. Figure 4 shows the relationship between sample thick-ness and the PSL value for the case of no absorber interpolated, where the PSL value expresses the intensity of photostimulated luminescence in arbitrary units. Here, 100 PSL per square mm was defined as the photostimulated luminescence of the imaging plate after X-ray exposure from a W target (80 kV, 0.15 mR). PSL is proportional to the radioactivity and exposure duration, but strongly depends on the type of nuclides and the quality of radiation (Fujifilm, 1993) . Rocks irradiate several kinds of ionizing radiation, including alpha, beta and gamma-rays. However, the qualities and the energy dependencies of radiation with respect to PSL have not been established. Thus, the PSL value indicates the relative units of disintegration without quantitative consideration of dose. Background components of the imaging plate used in the present experiment were less than 0.02 PSL/mm 2 . PSL values of the samples with the thickness of 1 mm, 10 mm and 75 mm were obtained as 3.45, 3.95 and 4.32, respectively. PSL value changes rapidly for samples having thickness of less than 10 mm, but increases gradually for thickness over 10 mm. The range of natural alpha-rays in rocks is less than several decimal µms, so the equilibrium depth (thickness) for natural alpha-rays is adequate for a thickness of 10 mm. However, the equilibrium depth for total natural radioactivity in rocks is not clear theoretically due to the wide and complicated energy distribution of the gammarays. Taking into account the results shown in Fig.  4 , the minimum thickness of rocks for evaluating the semi-quantitative dose rate is considered to be over 10 mm in thickness. Figure 5 shows relationship between the integrated intensity of PSL per unit area and the K 2 O content. Whole rock chemistry and PSL values are listed in Table 1 . Radiation measurement was performed under the following conditions: sample thickness was ranging from 10 mm to 20 mm, and the aluminum absorber was inserted between the sample and the imaging plate. PSL values indicate the relative radioactivity of rocks, excluding alpha-ray effect. PSL increases with increasing potassium content for all types of rock. value of granitic rocks depend strongly on the potassium content as shown in Fig. 5 . However the divergence of PSL against K 2 O was caused by the beta and gamma rays irradiated from the strong alpha-emitters such as zircon and allanite, which affects the integrated PSL value of entire area even though the measurement was performed with an aluminum absorber. Takebe and Abe (1994) and Takebe et al. (1995a, b) reported the energy determination with an imaging plate. Due to the relatively high LET effect of alpha-rays, the PSL of a phosphor produced by alpha-rays is higher than that produced by beta-and gamma-rays. Mori et al. (1994) reported the average PSL intensity per single radiation incidence of alpha and beta-rays of radio isotopes obtained with a BAS-2000 system. Ishii et al. (1999) described the energy dependence of the PSL value for detecting radon alpha-rays. Their results indicated that PSL values per alpha particle are extremely high compared to those of betarays. However, applying results directly to the quality dependence of PSL to natural radioactivity is difficult due to the use of different energies and measurement systems. The PSL value at the region in and around the alpha-emitter in granitic rocks becomes considerably large despite the smallness of the spots, and the total natural radioactivity of granitic rocks is also affected by the small alpha-emitters as beta and gamma sources. Further study is necessary in order to convert the PSL value into accurate radioactivity because the energy dependence of PSL and the quality effects of radiation have not been clarified as yet.
CONCLUSIONS
The imaging plate, which is a new sensitive radiation detector, was applied to the autoradiography of granitic rocks. Two-dimensional radiation images of slab section specimens and small volume specimens, such as a thin section, could be obtained. Irradiation images of granitic rocks are inhomogeneous and the intensity of photostimulated luminescence per unit area increases with increasing potassium content in the
DISCUSSION
The upper horizontal axis of Fig. 5 shows the beta and gamma annual dose based on potassium content, which is calculated by the annual dose conversion factors revised by Ogoh et al. (1993) . Ogoh et al. (1993) (Wordel et al., 1994) . The potassium content is considerably higher than that of other radioactive nuclides found in common rocks, and the disintegration of 40 K may strongly affect the radiation dose rate of beta and gamma-rays due to its high energy.
The PSL intensity of the entire detected area depends primarily on potassium content for measurement with an aluminum absorber as shown in Fig. 5 . In principal, the PSL value could be converted into radioactivity in Bq unit or into absorbed dose in Gy unit. Semi-quantitative evaluation of the beta and gamma dose rates irradiated by 40 K could be obtained with the PSL value. A few distinctive spots were found in the autoradiographs of granitic rocks that were obtained without the aluminum absorber as shown in Figs. 2 and 3 . The location of these spots corresponds well to the radioactive minerals, such as zircon and allanite. These radioactive minerals were found not only to be alpha-emitters but also to be beta and gamma sources. Tsuchiya et al. (1998) described the PSL ratio of granitic rocks obtained both with and without the aluminum absorber (PSL with aluminum absorber/PSL without aluminum absorber). These PSL ratios were approximately half for regions that do not contain the distinctive PSL spots, but they were less than 0.08 for the small-spot areas. The aluminum foil is effective to absorb alpha-rays. The PSL rocks. These results indicate that beta-disintegration of 40 K is the dominant radiation source of granitic rocks. The high PSL spots corresponding to allanite and zircon are clearly identified with the imaging plate due to the high position resolution.
The basic properties of the imaging plate, such as the linear energy transfer effect for particle identification and the PSL efficiency for quantitative dose measurement, should be investigated in order to establish the imaging plate as a quantitative radiation detector. However, the imaging plate appears to be promising as a new research tool for characterizing environmental radiation produced by geological materials and for evaluating the geochemical transport phenomena of radioactive nuclides.
